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ABSTRACT: The purpose of this work is a stereometric analysis of Ni−Cu thin films
to obtain the three-dimensional (3D) microtexture surface based on atomic force
microscopy (AFM). Four Ni−Cu thin films on glass and silicon substrates were
prepared by a capacitively coupled RF-PECVD system with a 13.56 MHz power supply.
The AFM data of the samples were stereometrically analyzed, and the surface
microtexture was determined according to the definition of relevant parameters in the
standards ISO 25178−2:2012 and ASME B46.1−2009. All microtexture features can be
implemented in numerical programs to simulate advanced microtexture models under
specific microstructure and composition conditions. The results can be used to validate
theoretical models for predicting or correlating the surface parameters of nanostructures.
The Ni−Cu films with 40% Cu have a more irregular surface; hence, the maximum Sq
value of the as-deposited Ni−Cu films is about 81.24 μm. The core roughness height Sk
is calculated as a difference between two extreme levels (maximal and minimal) of the
surface core, for which Ni−Cu films with 40% Cu have a maximum value of 183.4 μm.
Since the surface kurtosis (Sku) of all sample films was lower than 7, there are very small peaks or valleys on the film surface and for
Ni−Cu films with 5% Cu with a value of 3.568. With increasing Cu content, the height distribution histograms of films show more
uniform distributions.

1. INTRODUCTION
The importance of the physical phenomena that occur in thin
films is first due to the broad perspective of the application of
thin films in practice (ultrafrequency engineering, optoelec-
tronics, microelectronics, etc.) and, second, the possibility of
obtaining the information needed to solve some basic
problems in solid state and surface physics. The Ni−Cu thin
films have been the subject of many studies. Several interesting
features of the Ni−Cu system have been reported.1−5 As is
known, optical properties of nanoparticles strongly depend on
the morphology of the nanostructure. However, there is a
dearth of advanced microtexture and fractal/multifractal
analysis. Therefore, it is important to study these structural
parameters for practical applications. Recently, advanced
studies have contributed to a deeper understanding of the
three-dimensional surface microtexture of thin films, which
promotes the development of nanomaterials with major
technological applications.6,7 Advanced techniques of charac-
terization are at the center of scientific attention.8−10 Different
studies showed that the three-dimensional surface microtexture
can be described using stereometric11 and fractal/multifractal
analyses12−14 with a minimal set of surface parameters.
Imaging by AFM can bring outstanding results in the field of
research and analysis of nanostructured surfaces, especially in
the case of thin films.15−17 As the main goal, the 3D surface
micromorphology of Ni−Cu thin films was investigated using

AFM and stereometric analyses. Details on the experimental
techniques and the deposition conditions are given in Section
2. The structural properties were studied by scanning electron
microscopy (SEM) (Section 3.1), while the surface roughness
was investigated by using atomic force microscopy (AFM)
(Section 3.2). The conclusions are presented in Section 4.

2. MATERIALS AND METHODS
2.1. Empirical Techniques. In this article, Ni−Cu

nanoparticles with similar amounts of Ni and different
amounts of Cu concentration were deposited by a capacitively
coupled RF-PECVD system with a 13.56 MHz power supply.
The reactor includes two electrodes with different target sizes
of Ni and Cu because the fed electrode was the smaller
electrode in the first and second stages of film deposition,
respectively. The distance between the nickel and copper
targets and the substrate was 6 cm. The body of the stainless
steel chamber was connected to the ground through a larger
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electrode. The entire deposition process was performed at
room temperature on a larger electrode on a glass substrate.
Before deposition, the chamber was vacuumed up to the base
pressure of 10−5 mbar, and then the pressure was increased to
ambient pressure by acetylene gas. In the first step, the
codeposition of the RF sputtering and RF-PECVD, for growth
of Ni−Cu nanoparticles, RF power, and the acetylene initial
pressure were set at 180 W and 0.045 mbar, 210 W and 0.05
mbar, and 190 W and 0.04 mbar to obtain films with different
Cu nanoparticles. The deposition time for Cu deposition was
20 min, and after Cu deposition, the electrode was changed to
Ni and sputtering was performed for 2 min with an RF power
of 260 W and acetylene initial pressure of 0.03 mbar. The
thickness of the films was measured using a Tencor Alpha-step
500 profiler, and the thickness of these films was about 100
nm. In the presented work, structural properties have been
described by using SEM. AFM imaging has been used to
describe the three-dimensional surface of the sample, and
fractal analysis has been performed on the obtained data. The
stereometric analysis was made with the SPIP-TM version
6.7.4 software,18 based on ISO25178−2:201219 and ASME
B46.1−2009.20

2.2. SEM, AFM, and Stereometric Analysis of the 3D
Surface Microtexture. Scanning electron microscopy (SEM)
is one of the most versatile tools available to investigate and
analyze the microstructure morphology and chemical compo-
sition characteristics.
The surface of the thin film samples was scanned by

scanning electron microscopy (VEGA-TESCAN LMU), and

gray scale images were obtained. To study the topography of
tissues, an atomic force microscope was used in noncontact
mode (Autoprobe CP Research, Veeco; Spring constant: 20−
80 N/m) with a scanning speed of 10−20 μm/s and a tip
radius of 10 nm; the obtained results were 256 × 256 pixel
images. The experimental processes were carried out at room
temperature (297 ± 1 K) by the console, where the force−
distance curve measurement properties are as follows: Poisson
ratio ν = 0.28.22, quality factor Q = 100, width 25 μm, length
180 μm, Young’s modulus E = 1.3101 Pa, tip radius 10 nm,
thickness 4 μm, and mass density ρ = 2,33 kg/m3. AFM image
processing was performed to obtain three-dimensional surface
geometry and microtexture parameters using SPIP-TM version
6.7.4 software based on the ISO 25178−2:2012 and ASME
B46.1−2009 standards.

2.3. Statistical Analysis. Statistical analyses were carried
out with the GraphPad In-Stat computer software package,
version 3.20 (GraphPad, San Diego, CA, USA). In addition,
the normal distribution of quantitative variables was evaluated
with the Kolmogorov−Smirnov test. After the statistical
significance was discovered, differences between the two
groups were compared using the Mann−Whitney U test.
The differences were statistically significant by p = 0.05 or less.

3. RESULTS AND DISCUSSION
3.1. SEM Images Analysis. It is well-known that the

morphology of the catalyst films plays an important role in the
growth of carbon nanotubes (CNTs) and carbon nanofibers

Figure 1. SEM images of the prepared CNTs using (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu, and (d) Ni-75% Cu.
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(CNFs).21 Figure 1a−d shows CNTs for Ni nanoparticles
without Cu nanoparticles and with Cu nanoparticles
containing 5, 40, and 75% Cu. A scanning electron microscope
is a microscope that uses a focused beam of electrons to scan
the surface of a sample to create a high-resolution image.
Scanning electron microscopy produces images that can reveal
information about the surface composition and topography of
a material. Scanning electron microscopy images showed that
the carbon nanotubes have different diameters, and generally,
the average diameter of the grown carbon nanotubes increased
with the increase in the percentage of Cu in the thin films. Up
to 40% Cu, the CNT uniformity height of nanoparticles is low,
and then at more than 40% Cu, the CNT uniformity was
increased. One notable feature is the effect of the percentage of
Cu on the diameter of CNTs. Eventually, by selection of the
Ni nanoparticles as the substrate of Cu nanoparticles, the
density and diameter of CNTs can be optimized. As a result,
Cu nanoparticles have an important role in the growth of
CNTs based on Ni nanoparticles catalysts. This phenomenon
can be explained by the decomposition of the hydrocarbon gas
on the exposed surfaces of the catalyst particles to release
hydrogen and carbon, so that the carbon atoms themselves are
dissolved in the particles. Dissolved carbon diffuses through
the particle and is deposited at the distal end to form the body
of the carbon fiber. Also, if we assume a direct relationship
between the average nanoparticle sizes and the diameter of the
grown carbon nanotubes, it can be suggested that the
nanoparticles are agglomerated and lead to the formation of

more particles during the CNT growth process. Such
agglomeration seems to have increased dramatically for films
deposited with 75% Cu; consequently, the average diameter of
grown CNTs with 75% Cu is much larger than that in other
samples.

3.2. AFM Images Analysis. Atomic force microscopy
images are used to estimate the average size of nanoparticles,
and these images can be used to elucidate many physical
properties.22−24 Figure 2a−d illustrates the 2D and 3D views of
the surface AFM analysis of samples. AFM results show that
the nanoparticles of Ni−Cu thin films have grown
perpendicular to the surface of the substrate (the three-
dimensional section of the surface images). The RMS
roughnesses of the films with 5, 40, and 75% Cu were found
to be about 3.6, 2.2, and 2 nm, respectively. The reduction of
RMS roughness indicates aggregation of Cu nanoparticles for
thin films containing 5, 40, and 75% Cu. Therefore, it was
found that the roughness of the film surface decreases with the
increase of the percentage of Cu and the surface of the films
becomes smooth and also bright spots appear in AFM images.
By increasing the percentage of Cu nanoparticles in the thin
films, the surface energy of the films increases and the pores are
filled, which in turn suggests aggregation of Cu nanoparticles.
From 40 to 75% Cu, the size of nanoparticles increases
significantly. The other samples appear to contain particles of
the same size but with different concentrations. By adding Ni
nanoparticles to this thin film, the surface morphology does
not change except for the sample with 75% Cu (Figure 2d)

Figure 2. AFM images of films (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu, and (d) Ni-75% Cu.
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where the RMS roughness changes from 2 to 2.2. It was also
observed that the RMS roughness changed with the percentage
of Cu and the amount of carbon in the layers.
Stereometric analysis was performed based on the AFM data

because it provides true three-dimensional information about
the surface texture.25,26 Topography of the surface based on
stereometric analysis was described using the SPIP-TM version
6.7.4 software,18 based on ISO 25178−2:201219 and ASME

B46.1−2009.20 The histograms of the height distribution of
the AFM images (painted in blue) with their integration curves
(painted in red) associated with the images are shown in
Figure 3. The height histogram is represented by the number
of elements appearing on the surface corresponding to the
height of the specified peak along with the material curve of
the areal that is placed on the histogram. The height
distribution histogram provides information about the flatness

Figure 3. Height distribution histograms (painted in blue color) with their integration curve (painted in red color) for (a) Ni, (b) Ni-5% Cu, (c)
Ni-40% Cu, and (d) Ni-75% Cu.

Table 1. Statistical Parameter Values Based on ISO 25178-2:2012 and ASME B46.1-2009 for Analyzed Samples

statistical parameters symbol Ni Ni-5% Cu Ni-40% Cu Ni-75% Cu

amplitude parameters
arithmetic mean height Sa (μm) 50.02 53.80 61.72 57.45
root mean square height Sq (μm) 64.55 68.90 81.24 74.40
surface skewness Ssk 0.03057 −0.0001118 −0.2098 0.06665
surface kurtosis Sku 4.054 3.568 4.196 3.682
maximum height Sz (μm) 725.4 680.6 744.3 673.0
maximum valley depth Sv (μm) 401.5 351.3 377.6 358.8
maximum peak height Sp (μm) 323.9 329.3 366.7 314.3

hybrid parameters

area root-mean-square slope Sdq 0.5525 0.5933 0.4866 0.4728
surface area ratio Sdr (%) 11.98 13.99 9.101 8.737
reduced summit height Spk (μm) 72.55 74.68 89.50 84.96
core roughness depth Sk (μm) 155.6 166.0 183.4 171.2
reduced Valley depth Svk (μm) 69.31 70.96 107.2 82.55

spatial parameters

texture direction index Stdi (mm) 0.05586 0.05586 0.0559 0.07448
dominant radial wavelength Srw (nm) 0.00063 0.0016 0.00073 0.0012
radial wave index Srwi 0.00037 0.0006 0.0005 0.00029

functional parameters (volume)

material volume Vm(mm3/mm2) 0.003624 0.003699 0.004466 0.004183
void volume Vv(mm3/mm2) 0.08245 0.08952 0.1010 0.09743
peak material volume Vmp(mm3/mm2) 0.003624 0.003699 0.004466 0.004183
core material volume Vmc(mm3/mm2) 0.05492 0.0601 0.06619 0.06332
core void volume Vvc(mm3/mm2) 0.07489 0.08152 0.09026 0.08878
pit void volume Vvv(mm3/mm2) 0.00756 0.0080 0.01079 0.008653
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of the film surface. The red diagram shows a curve of an areal
material with parameter values of Sk, Svk, and Spk, and these
values are presented in Table 1. The histogram peaks are zero
for all samples, and the histograms are approximately
symmetric around zero. For samples (a) and (b), the height
distribution reaches zero at 220 μm, but for samples (c) and
(d), the height distribution at 220 μm still existed, and it
reaches zero for the height of 280 μm. Therefore, as the Cu
percentage increases, the samples become smoother, and the
range of height distribution becomes wider.
The Abbott−Firestone curve is shown in Figure 4, which

represents the bearing ratio curve. Profile trace integration can
calculate the cumulative probability density function of the
height of the surface profile, which is mathematically equal to
the load ratio curve. Also, these curves show the load-bearing

capacity of the surfaces, and a larger area indicates an increase
in the load-bearing capacity. As can be seen in Figure 4, most
of the material on all of the surfaces lies below the mean
surface irregularities. The largest material ratio (%) above the
mean surface height is to be observed for films deposited with
75% Cu. It means that such samples show the largest surface
area for wetting. In addition, the more irregular surface (Sq =
81.24 μm) was found for films deposited with 40% Cu, and the
more regular surface (Sq = 64.55 μm) was found for films
deposited with pure Ni.
In Figure 5, the isotropic area power spectral density

(IAPSD) functions are given on a logarithmic scale, as
extracted from the AFM images shown in Figure 2. The
isotropic area power spectral density (IAPSD) function is the
APSD (area power spectral density) function integrated for all

Figure 4. Abbott−Firestone curves for (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu, and (d) Ni-75% Cu.

Figure 5. IAPSD function computed of (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu, and (d) Ni-75% Cu.
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angles at the given frequencies (taking into account the inverse
wavelength).18 By increasing the Cu content, up to 40% Cu,
IAPSD function values increased systematically, and then over
40% Cu, the values of the IAPSD function were decreased. As
seen in Figure 5, all the curves are similar.
The power spectral density (PSD) method is a powerful

Fourier technique for surface roughness analysis. This
approach enables a better demonstration of the magnitude
and significance of surface defects as a function of the spatial
frequency of the roughness. This frequency is the inverse of the
roughness wavelength. The mean power spectral density (X-
PSD) profile curves calculated according to18 and correspond-
ing to the AFM images in Figure 2 are indicated in Figure 6. As
the surface kurtosis (Sku) of all samples is above 3, there are
high peaks or valleys on the surface, which are the largest for
films deposited with 40% Cu (4.196) and the lowest value for
films deposited with 5% Cu (3.568). The one-dimensional
FFT (fast Fourier transform) line-averaged functions describe
the Fourier amplitude spectrum for the X line and the
corresponding amplitude-averaged spectrum. In Figure 7, the
average X-Fourier profile curves, associated with the images in
Figure 2, according to ref 27, are shown. Average X-PSD and
X-Fourier curves confirm the results obtained by fractal
analysis.
Figure 8 shows the plots of the angular spectra

corresponding to the AFM images in Figure 2. To analyze
whether the topography of the sample shows dominant
directional patterns, we generated angular spectra for each
sample. Angular spectrum diagrams of samples are radial
diagrams with relative amplitudes that show the dominant

orientation of the surface texture. For any relative amplitude,
which is found as the sum of all amplitudes along a given radial
line in the Fourier spectrum of the AFM image, the specific
features of the surface texture seen in the AFM images are
derived based on ISO 25178−2:2012 and ASME B46.1−2009
(Table 1).
Moreover, the radial spectra of all samples are extracted from

images in Figure 2 and are presented in Figure 9. A radial
spectrum is a scatter plot that shows the range of brightness as
a function of the wavelength in images. These plots were
generated by the 2D Fourier transform (SPIP-TM version
6.7.4 Software).
Table 1 shows the statistical parameter values of AFM

micrographs based on ISO 25178−2:2012 and ASME B46.1−
2009. The graphs in Figure 3 show the surface material curve
with Sk, Svk, and Spk parameter values, while the fourth
diagram is applied to calculate the volume parameters
containing Vmp, Vmc, Vvc, and Vvv using the surface material
curve. As seen in Table 1, The maximum arithmetic mean
value of the vertical deviation from the mean surface (Sa)
corresponds to the films deposited with 40% Cu. The surface
skewness (Ssk) of films deposited with 5% and 40% Cu is
negative (Ssk < 0). The surface kurtosis (Sku) of all the
samples is above 3. The sum of the maximum pit height and
maximum peak height value is tagged as Sz with the minimum
and maximum values of 673.0 and 744.3 μm related to films
deposited with 75% and 40% Cu, respectively. In addition, Sp
and Sv define the maximum peak height and maximum valley
depth values of each film. As it is seen, the maximum value of
Sp was obtained for films deposited with 40% Cu and the

Figure 6. Average X-PSD profile of (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu, and (d) Ni-75% Cu.

Figure 7. Average X-Fourier profile of (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu, and (d) Ni-75% Cu.
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maximum value of Sv for films deposited with pure Ni. By
analysis of the functional parameters in Table 1 and extraction
from the ratio curve of the surface materials, it can be seen that
the roughness height of the core Sk, which is calculated as the
difference between the two extreme levels (maximum and
minimum) of the surface core, has the highest value for the
films deposited with 40% Cu (183.4 μm) and the lowest for
films deposited with pure Ni (155.6 μm). Svk and Spk are
abbreviations for the reduction of the Dale height and the
reduction of the peak height, the highest value of Svk and Spk
corresponding to the films deposited with 40% Cu (107.2 and
89.50 μm, respectively), and their lowest value for films
deposited with pure Ni (69.31 and 72.55 μm, respectively).

4. CONCLUSIONS
The 3D surface stereometric analysis of films using the SPIP-
TM 6.7.4 software, based on ISO 25178−2:2012 and ASME
B46.1−2009, was studied. Also, the variation of the surface
morphology was investigated by atomic force microscopy.
Based on the data obtained in this study, according to the
nanometric changes in the geometry and spatial distribution of
the microtextures of the sample surfaces under analysis, it is
obvious that topographical geometric features influence the set
of relationships between surface and structure in a thin film
under different experimental conditions at micrometer and
nanometer scales. The measurement and characterization of
surface topography can lead to a correct understanding of the

Figure 8. Angular spectrum of (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu, and (d) Ni-75% Cu.

Figure 9. Radial spectrum of (a) Ni, (b) Ni-5% Cu, (c) Ni-40% Cu and (d) Ni-75% Cu.
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production process concerning physical properties both
theoretically and experimentally.
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